Purpose: Interferon regulatory factor 6 encodes a member of the IRF family of transcription factors. Mutations in interferon regulatory factor 6 cause Van der Woude and popliteal pterygium syndrome, two related orofacial clefting disorders. Here, we compared and contrasted the frequency and distribution of exonic mutations in interferon regulatory factor 6 between two large geographically distinct collections of families with Van der Woude and between one collection of families with popliteal pterygium syndrome. Methods: We performed direct sequence analysis of interferon regulatory factor 6 exons on samples from three collections, two with Van der Woude and one with popliteal pterygium syndrome. Results: We identified mutations in interferon regulatory factor 6 exons in 68% of families in both Van der Woude collections and in 97% of families with popliteal pterygium syndrome. In sum, 106 novel disease-causing variants were found. The distribution of mutations in the interferon regulatory factor 6 exons in each collection was not random; exons 3, 4, 7, and 9 accounted for 80%. In the Van der Woude collections, the mutations were evenly divided between protein truncation and missense, whereas most mutations identified in the popliteal pterygium syndrome collection were missense. Further, the missense mutations associated with popliteal pterygium syndrome were localized significantly to exon 4, at residues that are predicted to bind directly to DNA. Conclusion: The nonrandom distribution of mutations in the interferon regulatory factor 6 exons suggests a two-tier approach for efficient mutation screens for interferon regulatory factor 6. The type and distribution of mutations are consistent with the hypothesis that Van der Woude is caused by haploinsufficiency of interferon regulatory factor 6. On the other hand, the distribution of popliteal pterygium syndrome-associated mutations suggests a different, though not mutually exclusive, effect on interferon regulatory factor 6 function. Genet Med 2009:11(4):241-247.
T he prevalence of orofacial clefting varies from 1 in 500 to 1 in 2500 births, depending on geographic origin, race, and socioeconomic background. [1] [2] [3] [4] About 70% of orofacial clefts occur as isolated cases and the remainder can be attributed to chromosomal abnormalities, maternal exposure to teratogens, and syndromes where the phenotype includes other developmental or morphological abnormalities. 5 Van der Woude syndrome (VWS, OMIM 119300) is one of the most common oral cleft syndromes and accounts for ϳ2% of all cleft lip (CL) and palate cases. VWS is clinically characterized by congenital lower lip pits, CL, CL with or without cleft palate (CLP), cleft palate only (CPO), and hypodontia. Other, less common features include syndactyly of the fingers, syngnathia, and ankyloblepheron. 6 VWS is inherited as an autosomal dominant trait with high penetrance (96.7%) but variable expression. 7 The phenotype of the lower lip varies from a single barely evident depression to bilateral fistulae of the lower lip, and the orofacial cleft varies from a bifid uvula to a complete CL and palate. 6 These facial anomalies are also seen in individuals with popliteal pterygium syndrome (PPS, OMIM 119500), a disorder that includes other physical signs, including bilateral popliteal webs, syndactyly, genital anomalies, ankyloblepharon, oral synechiae, and nail abnormalities.
The genetic localization for VWS was assigned by linkage analysis 8 and through chromosome abnormalities involving chromosome 1q32-q41. 9 -11 Overall, there is little evidence for genetic heterogeneity, although evidence for a second potential VWS locus was reported for chromosome 1p36-p32. 12 Sertie et al. 13 suggested that a gene at chromosome 17p11.2-p11.1, together with the VWS gene, enhances the probability of CP in an individual carrying two risk alleles.
Previously, we described a nonsense mutation in the interferon regulatory factor 6 (IRF6) gene in the affected sib of two monozygotic twins discordant for VWS, suggesting IRF6 as a candidate for VWS. 14 This hypothesis was confirmed in the same study by the detection of IRF6 mutations in 45 additional unrelated families with VWS. In addition, a unique set of mutations in IRF6 was discovered in 13 families with PPS, demonstrating that VWS and PPS are allelic, as previously suggested. 15 Subsequently, mutations in IRF6 were identified in 56 additional families with VWS and three with PPS. 16 -36 The objectives of this article are to determine the prevalence and distribution of mutations in the exons of IRF6 in families with VWS and PPS. We describe the complete sequence analysis of IRF6 exons in two large VWS collections and one PPS collection. Despite geographical diversity between the two VWS collections, the likelihood of finding an exonic mutation in IRF6 was similar as was their distribution. The type and distribution in location of PPS mutations differ significantly from the VWS mutations but are not mutually exclusive. The results provide the foundation to identify genotype-phenotype correlations in disorders caused by mutations in IRF6 and to determine structure-function relationships in the IRF family of transcription factors.
MATERIALS AND METHODS

Populations
Each proband was examined by a clinical geneticist or genetic counselor. Two collections of unrelated families affected with VWS were obtained, one from Brazil (N ϭ 110) and one of mixed geographic origin (N ϭ 197). The collection from Brazil has not been described previously. The geographic origin of the mixed collection is primarily northern Europe and includes families from the United States (152), Belgium (31), Germany (7), United Kingdom (3), Thailand (2), Philippines (1), and Brazil (1). Many of these families (175) were described previously 14, 16, 21, 23 and were included in this study to provide a comprehensive analysis of the complete collections of families with VWS and PPS. Diagnostic criteria for individuals to be considered affected with VWS included CLP or CPO, and at least one affected individual in the family with an anomaly in the lower lip, generally bilateral pits.
In addition, a single collection of unrelated families affected with PPS (N ϭ 37) was obtained. The geographic origin of the PPS families was mainly northern Europe, but included one family from Brazil. Diagnostic criteria for individuals affected with PPS included the VWS criteria listed above along with the presence of bilateral popliteal webs or a combination of syndactyly, genital anomalies, ankyloblepharon, oral synechiae, and nail abnormalities from one or more members in a family. Sample collection and processing were performed as described previously. 37 We obtained written informed consent from all subjects and approval for all protocols from the Institutional Review Boards at the University of Iowa, the University of Manchester, the University of São Paulo State and CONEP/ Brazil, the Université catholique de Louvain, and Zentrum fur Gynäkologische Endokrinologie, Reproduktionsmedizin und Humangenetik, Regensburg, Germany.
Polymerase chain reaction
Exons 1-8 and part of exon 9 of IRF6 were amplified by standard PCR using the primers shown in Table 1 . PCR experiments for exons 1-8 were performed in a 10 L total volume mixture containing 20 ng of genomic DNA, 0.5 M each primer, 200 M dNTPs, 0.25% DMSO, 0.2 unit Bio-X-Act Taq polymerase (Bioline, Reno, NV), and 1ϫ PCR buffer supplied by the manufacturer. PCR conditions are as follows: initial denaturation 3 minutes at 94°C, followed by 35 cycles of denaturation at 94°C for 15 seconds, annealing at 57°C for 30 seconds, elongation at 68°C for 1 minute, and final elongation at 68°C for 3 minutes. Conditions for PCR experiments for exon 9 were performed as above except 0.3 M each primer, Biolase Taq polymerase (Bioline) and initial denaturation 5 minutes at 94°C, followed by 35 cycles of denaturation at 94°C for 45 seconds, annealing at 57°C for 45 seconds, elongation at 72°C for 45 seconds, and final elongation at 72°C for 3 minutes.
DNA sequence analysis
The amplified products were sequenced directly using Big Dye sequencing kit (Perkin-Elmer, Foster City, CA) as recommended. Sequence samples were purified with magnetic beads and run on an automated sequencer model ABI Prism 3700 (Perkin-Elmer). DNA sequences were aligned and analyzed using the software PHRED/PHRAP/CONSED. 38 Reference sequences for IRF6 cDNA, genomic DNA, and protein were NM_006147.2, RP3-434o14 (Genbank AL022398), and NP_006138, respectively. DNA sequence variants were confirmed by sequencing the opposite strand in the proband and, if possible, in at least one other affected family member. To identify nonetiologic polymorphisms, DNA sequence analysis was performed for all IRF6 exons on a minimum of 200 unaffected control samples derived from geographically diverse populations. 39 Splice site prediction The effect of mutations on splicing activity was modeled using Genscan. 40 Wild-type and mutant sequences were compared using default settings.
Statistical analysis
Frequency tables showed population-specific frequency distribution of mutations across the nine exons. The 2 ϫ 9 tables were analyzed using the 2 statistic or Fisher exact test when appropriate (e.g., when the expected cell count was Ͻ5 for at least 20% of the cells).
RESULTS AND DISCUSSION
Prevalence of exonic mutations in IRF6
DNA samples were derived from two distinct VWS collections, one from Brazil (N ϭ 110) and one of mixed origin that was primarily from northern Europe (N ϭ 197). In addition, we screened a PPS collection of mixed geographical origin (N ϭ 37). The mutation screen used in this study was modified slightly from the screen described previously by Kondo et al. 14 PCR primers for exon 9 were redesigned (Table 1) , and the new primers amplified this region more robustly and generated DNA sequence more reliably. In the VWS collections, we identified IRF6 exonic mutations in 77 of 110 (71%) families from Brazil and identified 132 of 197 (67%) families from the mixed collection ( Table 2 ). The likelihoods for finding exonic mutations in IRF6 between these two diverse VWS collections are not statistically different (P ϭ 0.61) and are consistent with common mutation mechanisms.
Mutations located in the exons of IRF6 have been identified for only 68% of families with VWS analyzed to date. Several possibilities exist to explain the remaining 32%. IRF6 may have gross deletions that are not detected by our DNA sequencing strategy. Etiologic mutations may exist within IRF6, but located outside the exons. Finally, some proportion of the remaining families may be due to mutations located in some other gene. To date, deletions have been found in only six families with VWS. 10, 11, 24, 29 In general, these have been large deletions and further studies with more sensitive methods are needed to screen for kilobase-sized deletions. Despite the lack of linkage evidence for locus heterogeneity in VWS, it is also possible that VWS-causing mutations may be found in other genes. For example, a polygenic mechanism might contribute to some cases of VWS but would be difficult to detect in the previous linkage studies. The number and size of families that lack an exonic mutation in IRF6 should be sufficient to test for genetic heterogeneity in the VWS collection.
In the PPS collection, we identified exonic mutations in IRF6 in 36 of 37 unrelated families, demonstrating that IRF6 is the principal gene involved in this disorder. When combined with the VWS mutation studies, IRF6 exonic mutations were identified in 249 unrelated families, representing 170 total and 106 novel alleles (Table, Supplemental Digital Content 1, http://links.lww.com/A713). None of these mutations was observed in our control samples (see Materials and Methods section), suggesting that they are etiologic. However, we identified 41 DNA sequence variants from our mutation screen, including four nonsynonymous polymorphisms, Asp19Asn, Ala61Pro, Thr224Ser, and Val274Ile (Table, Supplemental Digital Content 2, http://links.lww.com/A714). As these variants were detected in control cases, they are not etiologic for VWS or PPS. However, Val274Ile is highly associated with isolated CL and palate, [41] [42] [43] [44] [45] [46] and functional studies must be performed to test Val274Ile and other alleles as potential susceptibility alleles.
Nonrandom distribution of IRF6 exonic mutations in VWS collections
The distribution of all exonic mutations in IRF6 in the VWS collections is not random (P Ͻ 0.0001; Table 3 , row A). More mutations were located in exons 3, 4, 7, and 9 than expected, suggesting a multitier approach for mutation screening of IRF6 in VWS cases. This pattern was observed in both the Brazilian (Fig. 1A ) and mixed origin (Fig. 1B) VWS collections, suggesting that the mutation mechanisms for IRF6 are independent of origin of the population.
Protein truncation mutations (nonsense and frameshifts) were observed in all exons before the endogenous stop codon in exon 9. Interestingly, we identified point mutations in six families in exons 1 and 2 that create new start codons in the 5Ј untranslated region. These new start sites should not make IRF6 protein as they are in the wrong reading frame, but may not prevent initiation at the native site. The protein truncation mutations are evenly distributed across the gene, except for exon 9 (Table 3 , row B). The spike in protein truncation mutations in exon 9 seems to be due to 1 of 5 mutational hotspots in IRF6 (see later). Overall, the high prevalence of protein truncation mutations in families with VWS (80 of 207), in addition to the six known IRF6 deletions, 10, 11, 14, 24, 29 provides further support that VWS can be caused by haploinsufficiency of IRF6.
Nearly all of the 117 mutations that do not truncate the protein (missense and in-frame insertions and deletions) are localized to regions encoding the DNA binding domain (64 families) and the protein binding domain (45 families). The significant over-representation of missense mutations in the DNA binding (exons 3 and 4) and protein binding (exons 7-9) 
Nonrandom distribution of IRF6 exonic mutations in the PPS collection
The location of mutations identified in families with PPS is nonrandom ( Table 3 , row E). In 34 of 36 families with PPS, the mutation is located in exons 3, 4, or 9 (Fig. 1C) . Like VWS, these observations suggest a multitier approach for efficient mutation screens for PPS. However, the distribution of mutations among the exons for the PPS collection differs significantly from the VWS collections (P Ͻ 0.0001; Table 3 , row A vs. E). Another difference is the low frequency of protein truncation mutations in the PPS versus VWS collections (5/36 vs. 80/207; P ϭ 0.036) and the high frequency of missense mutations in exon 4 in the PPS versus VWS collections (26/36 vs. 42/207; P Ͻ 0.0001). In addition, the distribution of missense mutations within the DNA binding domain (exons 3 and 4) is nonrandom for the PPS collection (Fig. 2) . Specifically, the missense mutations in the PPS collection are more likely to be located at residues that are predicted to contact DNA, when compared with random chance (P Յ 7 ϫ 10 Ϫ9 ) and with missense mutations in the VWS collection (P Յ 1 ϫ 10 Ϫ6 ). On the basis of the significant differences in the frequency of the type of mutation and distribution in location of mutations found in the PPS versus the VWS collections, we conclude that the PPS-associated mutations affect IRF6 function differently than VWS-associated mutations.
How might VWS-and PPS-associated mutations affect IRF6 function differently? The identification of six large deletions of IRF6, 10, 11, 24, 29 along with the high frequency of protein truncation mutations, demonstrates that VWS can be caused by loss of function of IRF6. For families with PPS, we hypothesized previously that mutations have a dominant negative effect on IRF6. 14 The rationale for this hypothesis is that the Arg84Cys and Arg84His mutations abrogate DNA binding 47 but are not predicted to affect protein binding. Consequently, protein dimers are predicted to form between a wild-type isoform and the Arg84Cys and Arg84His isoform, but such a dimer will not be able to bind DNA. This model is supported by two main observations. First, in a previous study, mice heterozygous for a PPS-associated Irf6 allele (Arg84Cys) had a more severe and more penetrant phenotype than mice that were heterozygous for a loss of function allele. 47, 48 Second, in this study, we observed that mutations identified in families with PPS are much more likely to be missense mutations than in families with VWS, and that mutations are more likely to be located at residues that are predicted to directly contact the DNA. Such mutations are more likely to affect DNA binding without affecting protein stability or protein interaction. The most common examples of this class of mutations are Arg84Cys and Arg84His (Table, Supplemental Digital Content 1, http://links.lww.com/A713).
However, these data do not fully support a simple model whereby VWS is caused by IRF6 loss-of-function mutations and PPS is caused by IRF6 dominant negative mutations. Foremost, the same mutations were identified in patients with VWS and with PPS. For example, we identified missense mutations at Arg84 in seven families diagnosed with VWS and 21 with PPS (Table, Supplemental Digital Content 1, http://links.lww.com/ A713). The mutations Arg84Cys and Arg84His were found in five families diagnosed with VWS. Moreover, individuals with VWS and PPS have been diagnosed in the same family. 21 These data suggest that although the association between the Arg84Cys and Arg84His mutations and PPS is strong, it is not absolute. In sum, the data are most consistent with the model that VWS is most likely caused by loss (or partial loss)-offunction mutations, but can also be caused by dominant negative mutations, and that PPS is most likely caused by dominant negative mutations but can also be caused by loss (or partial loss) of function mutations. The range of phenotypes for VWS and PPS, including their overlap, suggests the likely contributions of stochastic events and genetic modifiers 13 for IRF6-related disorders.
Three other observations are relevant to the effect of VWS and PPS mutations on IRF6 function. First, we identified a novel missense change at Arg84, Arg84Pro, in two families where affected individuals were diagnosed with VWS. In addition, Item et al. 22 identified an Arg84Gly mutation in a family where both affected individuals were diagnosed with VWS. The Arg84Pro and Arg84Gly mutations challenge the dominant negative hypothesis, because this residue is predicted to contact the DNA but these mutations are only found in individuals with VWS. However, the residue Arg84 is located in the middle of helix 3 in IRF6. The amino acids proline and glycine are known to disrupt alpha helices. 49 Consequently, the Arg84Pro and Arg84Gly mutations are predicted to disrupt the secondary and/or tertiary structure of IRF6, whereas Arg84Cys and Arg84His would not. Thus, we hypothesize that the Arg84Pro and Arg84Gly alleles cause complete loss of IRF6 function and result in VWS through haploinsufficiency of IRF6. Further biochemical and molecular studies are needed to test this hypothesis. Second, the splicing mutations at the 5Ј splice site of intron 3 and the protein truncation mutations in exon 9 also challenge the dominant negative hypothesis for mutations that cause PPS. To produce a dominant negative allele, a defective, but stable protein must be produced. We hypothesize that the splicing mutations at the 5Ј splice site of intron 3 activate a cryptic splice site that produces a mutant IRF6 allele that is stable, but unable to bind DNA. To test this hypothesis, we used Genscan, 40 a program that predicts splice sites, to model the effect of the four splicing mutations at intron 3. For the two mutations at the highly conserved position ϩ1 of intron 3, Genscan analysis predicts the loss of the endogenous splice site and the use of a cryptic splice site in the middle of exon 3 (Fig. 3) . Moreover, the cryptic splice site rejoins exon 4 in frame, but deletes 41 amino acids from the DNA binding region encoded in exon 3. Thus, these splicing mutations create a potentially stable protein with a mutation in the DNA binding domain and are consistent with the dominant negative model for PPS mutations. However, like the Arg84Cys and Arg84His mutations, these mutations do not always cause PPS, as one of these mutations was identified in a family with VWS. Also, for the other two splice mutations in intron 3 found in families with PPS, Genscan did not predict loss of the endogenous splice site (Fig. 3) .
Third, protein truncation mutations in exon 9 were identified in families with either VWS or PPS. Although the effect of these mutations on IRF6 function is not known, previous studies with the other members of the IRF family showed that the C terminus contains an autoinhibitory domain. 50 Recently, we discovered that IRF6 binds to maspin, a tumor suppressor gene, and that the C terminus blocks this interaction. 51 Additional molecular and biochemical studies are needed to understand the effects of the PPS-causing mutations in exon 9.
Source of exonic mutations in IRF6
To date, we identified IRF6 exonic mutations in 249 unrelated families and represent 170 different disease-causing alleles in IRF6. Thus, 68% of exonic mutations in IRF6 are private and represent a wide array of potential mutational mechanisms. However, we identified five apparent hotspots. Mutations in the codons for Arg6, Arg84, Arg250, Arg400, and Arg412 were identified in 6, 26, 11, 7, and 14 unrelated families, respectively. The codon sequence for each of these residues contains a CpG dinucleotide. In humans, approximately one third of germline mutations result from loss of the CpG dinucleotide, and 90% of those are consistent with a mutation mechanism of cytosine methylation and deamination. 52 Similarly, in this report, 55 of 64 (86%) of the mutations in these CpG codons were consistent with the cytosine methylation/ deamination mechanism.
This study shows that exonic mutations in IRF6 are found in 68% of families with VWS and nearly all families with PPS. A few percent of families with VWS are caused by microdeletions of IRF6. Although the majority of the mutations are private, the distributions of exonic mutations suggest that future mutation searches should focus on exons 3, 4, 7, and 9 for families with VWS and on exons 3, 4, and 9 for families with PPS. In addition, because the distribution of mutations is consistent between geographically distinct populations, this multitier approach for mutation discovery should be widely applicable.
Further, the distributions of mutations in the VWS and PPS collections suggest some limited guides for risk assessment and suggest a molecular rationale for clinical heterogeneity caused by genetic variation in IRF6.
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